Aims Aortic elasticity is an important determinant of left ventricular performance and coronary blood flow. Moreover, it has been shown that aortic elastic properties deteriorate in patients with coronary artery disease. However, the predictive role of aortic elasticity in the occurrence of coronary events, has not been addressed so far. Therefore, we set out to test prospectively the hypothesis that invasive as well as non-invasive measures of aortic elastic properties, assessed at rest from pressure-diameter relationships, could predict the development of recurrent coronary events.
Introduction
Systolic and diastolic blood pressures may carry an increased risk of fatal and non-fatal cardiac events [1, 2] . Pulse pressure changes may reflect alterations in the elasticity of large arteries. There is now increasing evidence that high pulse pressure is an independent risk factor for cardiovascular mortality, especially coronary mortality, in different populations [3] . Pulse pressure measurement may help in the evaluation of the individual risk and therefore in the therapeutic decision making. Wide pulse pressure was identified as a predictor of myocardial infarction controlling for other known risk factors by Cox regression [1, 3] . However, pulse pressure does not take into account all parameters of aortic elastic properties. Quantitative information on the elastic properties of the aorta can be obtained by means of concomitant determinations of pressure and aortic diameter. In many investigations the state and function of the aorta was assessed noninvasively by pulse wave velocity or by ultrasonically measured pulsatile aortic dimension changes [4, 5] . However, these measures have inherent limitations for clinical application because of their dependence on arterial pressure or susceptibility of peripheral muscular arteries to the measuring environment [6] . Recently, we described a new highly accurate method for obtaining aortic pressure-diameter relationship in conscious humans [7] [8] [9] [10] [11] . With this method [7] [8] [9] [10] [11] , aortic diameters were acquired using a high-fidelity intravascular catheter developed in our Institution. It incorporates an ultrasonic displacement meter at its distal end. Aortic pressures were acquired simultaneously and at the same aortic level with a catheter-tip micromanometer [7] [8] [9] [10] [11] . Although aortic elastic properties have been assessed in patients with coronary artery disease the predictive role of aortic elasticity has not been studied so far. The purpose of the present study was to assess the effect of aortic stiffness on the long-term risk of recurrent coronary events in patients with newly diagnosed coronary artery disease.
Methods

Patients
Patients with an age range from 50 to 60 years, who underwent cardiac catheterization for evaluation of newly diagnosed coronary heart disease (luminal stenosis >70% in diameter in at least one of the major coronary arteries) were enrolled in the study. Information about arterial hypertension, hypercholesterolaemia, cigarette smoking, diabetes melitus, family history, and body mass index was recorded. Patients with arterial hypertension (systolic arterial pressure >140 mmHg and/or diastolic arterial pressure >90 mmHg), left main coronary artery disease, valvular heart disease, history of previous coronary heart disease, congenital heart disease, dilated cardiomyopathy, chronic obstructive pulmonary disease and diabetes mellitus were excluded prior to entry into the study.
Fifty-six patients were enrolled in the study, but two were immediately lost from follow-up. Fifty-four patients were therefore followed. With respect to the clinical state, 14 patients had acute myocardial infarction, 20 unstable angina and 20 stable angina. The patients received standard medical therapy from their physicians for the secondary prevention of coronary artery disease. Thirteen patients underwent revascularization, seven percutaneous transluminal coronary angioplasty and the remaining six, bypass surgery. Patients were either examined at least every 6 months in an outpatient clinic (44% of patients) or interviewed by telephone (56%). In the latter case, family members or the personal physicians were also interviewed. We recorded new coronary events on follow-up (medical records were obtained in 85% of these cases). The protocol was approved by our Institutional Ethics Committee and all patients gave informed consent before participating.
Study protocol
Studies were performed at 0900h in a controlled room temperature of 20 0·5 C. Patients arrived in the catheterization laboratory in the fasting state and underwent diagnostic left heart catheterization and coronary arteriography using a standard percutaneous femoral approach.
After diagnostic catheterization, all patients were allowed to relax in the supine position for 30 min. Invasive measurements of aortic diameters and pressures were done as previously described [7] [8] [9] [10] [11] , simultaneously with aortic root echocardiograms and sphygmomanometric blood pressure measurements.
Invasive procedure
Briefly, a Y-shaped intravascular catheter, which was developed in our Institution and uses sonometry for the measurement of diameters, was used to measure the proximal descending aorta. At each arm of the catheter, a piezoelectric crystal (5 MHz in frequency, 1 mm, Crystal Biotech) is attached. The technical characteristics of the device include: (1) resolution for assessment of changes in diameter of 10 m (2) flat ( 5%) frequency response in testing up to 40 Hz, (3) no measurable phase lag between forced oscillations of the device and the signal in the frequency response range (4) minimal loading on the aortic wall (0·45 g per arm when the distance between the arms is 1 cm). Aortic pressures were recorded with a catheter-tip micromanometer (Model SPC-330, Millar Instruments) [7] [8] [9] [10] [11] .
Echocardiographic study
Simultaneously the echocardiographic examination was carried out using Sonos 2500 Hewlett Packard equipment with a 2·5 MHz transducer to determine diameters of the ascending aorta. Each subject was placed in a slight left recumbent position and the ascending aorta was recorded at a level 3 cm above the aortic valve, on M-mode tracings, guided by the two-dimensional echocardiogram in the parasternal long axis view. Internal aortic diameters were measured according to the method previously described in detail [12] . All patients had blood pressure measured in the supine position with a mercury sphygmomanometer.
Aortic elastic indexes [7] [8] [9] [10] [11] [12] , namely aortic strain and aortic distensibility were calculated from the echocardiographically-derived aortic diameters and the clinical blood pressure. The pressure-diameter relationship and aortic stiffness constant ( Fig. 1) , were calculated from the invasively derived recordings according to methods explained in the appendix. Wave reflections were evaluated by measuring the augmentation index by the high-fidelity aortic pressure waveform.
Statistical analysis
We used one-way analysis of variance for comparisons of means and chi-square for comparisons of proportions. Correlations were evaluated with curve estimation regression statistics and related plots. The KaplanMeier product limit estimate method was used to determine the rate of progression from study entry to the end-points. These end-points included acute coronary syndromes namely, hospitalization for unstable angina or acute myocardial infarction. When an end-point was reached, the patient was censored from further analysis.
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Kaplan-Meier product limit estimate curves were compared by the log-rank test to provide univariate assessment of the relationship of clinical risk factors and haemodynamic and functional variables to the primary end-points [13] . For all analyses, continuous variables were partitioned according to statistical terciles (i.e. the group was divided into thirds according to the distribution of the variable of interest, with no a priori assumptions or biases relative to cut points) [14] . Variables that were significantly (P<0·05) related to end-points were entered into a multivariate forward stepwise Cox proportional hazards models to confirm their independent predictive value [15] .
Results
Clinical parameters and measures of aortic performance are presented in Table 1 . During follow-up (average 3 years) 12 of 54 patients reached an end-point. From these, eight developed unstable angina and four acute myocardial infarction. The event free survival rate at 58 months of follow-up was 78% (Fig. 2) . No patient died from a non-cardiac cause or developed symptoms of ischaemia of the brain or limbs.
Pulse pressure was increased, aortic strain and distensibility were decreased and aortic stiffness constant was increased (Table 1 ). There were no differences between the three groups with respect to all other variables. An excellent inverse correlation between the aortic stiffness constant and aortic distensibility was found if data from all patients were plotted altogether (y=0·98 1·27 , r=0·92, P=0·0000, Fig. 3 ).
Univariate predictors of end-points
Univariate analysis revealed that aortic stiffness constant, aortic distensibility, and revascularization procedures were significantly associated with the development of recurrent acute coronary syndromes.
Multivariate analysis for independent contribution to end-point prediction
Although several variables provided significant prediction by univariate analysis, when a multivariate Cox proportional hazards model was constructed, the only independent predictor of risk of end-points was the aortic stiffness constant. The relative risk for any cardiac end-point was 3·24 with 95% confidence interval, 1·79 to 5·83; P<0·001. When aortic stiffness was not considered, all independent prognostic information for acute coronary syndromes was carried by the non-invasive aortic root distensibility alone (relative risk: 0·37 with 95% confidence interval 0·21 to 0·65; P<0·001). 
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A stiffness constant of 0·74 mm 1 was the lower boundary of the tercile comprising the patients at higher risk (Fig. 4) . Patients with aortic stiffness constant higher than this value manifested a 44% risk of recurrent acute coronary events during 58 months of follow-up. The lowest risk tercile was bounded by an aortic stiffness constant of 0·56 mm 1 . Patients with lower aortic stiffness showed a 5·6% risk of progression to any cardiac end-point during the follow-up period. Similarly aortic distensibility boundaries for each tercile and the relationship of aortic distensibility to occurrence of any cardiac end-point are shown in Fig. 5 .
Discussion
Our data support our hypothesis that the development of recurrent acute coronary syndromes can be predicted among patients with coronary artery disease on the basis of aortic elastic properties. This finding is consistent with the results of previous studies, which also concluded that a high pulse pressure in men is an independent predictor of cardiovascular and especially coronary mortality in both hypertensives and normotensives [1, 3] . Our findings are also consistent with studies in which arterial alterations, as determined from carotid elastic modulus, are strong independent predictors of cardiovascular mortality in patients with end-stage renal disease undergoing haemodyalisis [16] . This study adds to those of previous investigators first by demonstrating the relative prognostic power of aortic stiffness constant in comparison with more conventional indices of aortic function and second, by demonstrating that aortic stiffness can predict acute coronary events in patients with coronary artery disease. Thus, we found that aortic stiffness constant was the best single predictor of acute coronary syndromes. The relative utility of the aortic stiffness constant is consistent with our previous reports in hypertensive patients studied after diltiazem administration [9] , and in patients during pacing-induced tachycardia [11] . Aortic stiffness constant is a more specific index of aortic elasticity. It takes into account data only from the ejection period. The initial ejection phase mainly depended on the elastic fibres to express the elastic properties of the aortic wall.
This study confirmed that aortic distensibility in patients with coronary artery disease can be obtained non-invasively with a high degree of accuracy [12] . This method may be of value for prognosis as well as in long-term follow-up of patients at a high risk of acute coronary events. Distensibility, however, changes from the aortic root to the periphery and, in certain cases, may be quite different at different levels of the aorta. Our results demonstrate that recurrent acute coronary episodes can be predicted both invasively and noninvasively. Thus, although the aortic pressure-diameter relationship is the most accurate determinant of segmental aortic elastic properties, non-invasively derived aortic root distensibility is a sufficient alternative non-invasive index of aortic elastic properties.
It is well known that aortic elastic properties are affected by the risk factors for ischaemic heart disease, such as age [17] , hypertension [9] , hypercholesterolaemia [18] , and smoking [8, 10] . Aortic stiffness is increased with the presence of these risk factors. The findings of the present study indicate that aortic stiffness is an index of the cumulative effect of all risk factors on the elastic properties of the arterial wall. Consequently, aortic stiffness constant can predict the recurrence of coronary events. Aortic stiffness measurement may help in the evaluation of the individual risk and therefore in the therapeutic decision making during secondary prevention in patients with ischaemic heart disease.
Limitations
The main finding of this study is that coronary events may be predicted by aortic stiffness constant. However, there are multiple known risk factors which affect and modulate outcome. Thus, although the aortic stiffness can be used as an additional risk factor this index is by no means a substitute for established risk factors that increase the risk for acute coronary events. An excellent inverse correlation was found between aortic stiffness constant in the proximal descending and aortic distensibility in the ascending aorta, in spite of the fact that the segments studied were different and the existence of altered techniques. This relationship indicates that there is a proportional progression of aortic stiffness at different aortic segments in all patients. Thus, the limitation that both indexes represent focal elastic properties of the aorta is counterbalanced.
Despite the several limitations of our study, these findings support the use of our technique in patients with coronary artery disease and acute coronary syndromes and without detectable known risk factors. In this population, aortic stiffness may be an additional risk factor that adversely affects the prognosis in these patients. Furthermore, the impact and efficacy of several medications on aortic impedance has not been studied in detail in post myocardial infarction patients. The noninvasive technique can be widely and repeatedly applied in this setting.
In conclusion, patients with coronary artery disease are at increased risk of recurrent events if they have increased aortic stiffness. A clinical application of these findings is to suggest an aortic stiffness measurement in patients with coronary artery disease. Combining evidence from major trials should give the most precise estimate for risk stratification in the management of patients with coronary artery disease.
Aortic pressure-diameter relationship
Aortic pressure-diameter relation was obtained by plotting the pressure vs diameter of digitized data by means of commercially available computer software (Fig. 1) .
Aortic stiffness constant (Fig. 1 ) Aortic pressure-diameter data obtained during the ventricular ejection, which corresponds to the ascending limb of the loop, were used for the calculation of aortic stiffness constant. The rate of aortic blood pressure changes (dP/dt) was instantaneously calculated and simultaneously recorded with the high-fidelity pressure. Pressure and diameter data during the ascending limb of the loop, starting at the time when the dP/dt curve reached zero baseline (at the beginning of the ascending limb of the loop) and ending at peak+dP/dt, were fitted to the exponential function: P=b e a.D , where P was the instantaneous aortic pressure and D the aortic diameter. The least-squares method was used for calculation of a and b, where a is the elastic aortic stiffness constant (mm 1 ), which determines the slope of the exponential curve, and b is the elastic constant (mmHg).
Wave reflections
Wave reflections were evaluated by measuring augmentation index defined as the ratio: (pressure from inflection point to late systolic peak)/(pulse pressure). Inflection point (P i ) and late systolic peak were defined by using the fourth derivative of pressure. The first zero crossing of the fourth derivative (in a direction from above to below the zero line) corresponded to the beginning of the pressure wave upstroke. The second zero crossing in the same direction corresponded to the P i .
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